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Abstract 

The Aharonov-Bohm (AB) effect has been accepted and has promoted interdisciphnary scien- 
tific activities in modern physics. To observe the AB effect in condensed matter physics, the whole 
system needs to maintain phase coherence, in a tiny ring of the diameter 1 /xm and at low temper- 
atures below 1 K. We report that AB oscillations have been measured at high temperature 79 K 
by use of charge-density wave (CDW) loops in TaSa I'ing crystals. CDW condensate maintained 
macroscopic quantum coherence, which extended over the ring circumference 85 /xm. The peri- 
odicity of the oscillations is h/2e in accuracy within a 10 % range. The observation of the CDW 
AB effect implies Frohlich superconductivity in terms of macroscopic coherence and will provide a 
novel quantum interference device running at room temperature. 



1 



I. INTRODUCTION 



50 years ago, Aharonov and Bohm challenged our understanding of vector potential that 
had not been a physical entity Since then, the concept of AB (Aharonov and Bohm) 
phase has been accepted in modern physics I2I, such as condensed matter physics 0, 0,15,0], 
particle physics non-abelian gauge theories js], gravitational physics P, Q and laser 
dynamics To observe AB phase in condensed matter physics, the whole system needs 
to maintain phase coherence, in a tiny ring of the diameter 1 /xm and at low temperatures 
below 1 K, typically j^. We report first evidences for the AB interference effect at high tem- 
perature 79 K, by use of charge- density wave (CDW) loops in TaSa ring crystals [l2[] whose 
circumference is as long as 85 /xm. CDW condensate maintained macroscopic quantum co- 



herence which extended over the ring system 



13j. Periodicity of the AB effect of CDW was 



half a flux quantum h/2e with h and e being Plank constant and an elementary charge, 
respectively. Using interference of CDWs, a room temperature operating quantum interfer- 
ence device may be produced because some low dimensional materials, such as NbSa, exhibit 
a CDW transition above room temperature. This will be substituted for superconducting 
quantum interference devices (SQUIDs), which can be only used at low temperatures. 

CDWs have not been considered to exhibit AB effect because an electron-hole pair of 
CDW has neutral charge that cannot couple to vector potential, and the CDW phase is 
usually treated as a classical coordinate. However, the first prediction of AB effect of CDW 
was made by Bogachek et al [14]. Their model includes a term representing the interaction 
of the CDW with the vector potential field, and then estimated the oscillation of h/2e. 
Another theory states that quasi-particle interference is generated by changing the CDW 



ground state 



17l | . Latyshev et al tried to observe the AB effect of CDWs in NbSe3 
crystals with tiny random holes pierced by heavy-ion irradiation Oscillation in the 

nonlinear CDW conductivity as a function of the magnetic field was shown. Visscher et 
al^ however, insisted that this could be the AB effect of a quasi-particle passing through 
a metallic region where the CDW order was destroyed near the tiny holes [19]. Therefore, 
existence of the AB effect of CDW condensate has been an open question as yet. 

For this reason, a CDW loop, over which continuity of the CDW order is maintained, 
should be exploited in order to decide the argument. This cannot be realized simply by 
piercing a hole in a conventional single crystal, because continuous CDW chain doesn't be 
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brmed with the hole. Topological crystals (ring and Mobius strip shaped seamless crystals) 
I2I . I20I are only materials providing such the CDW loop. The chain axis of CDW directs 

itself along the circumference of the ring without losing the CDW order, thereby forms a 

CDW loop. 

Besides, the previous experiment of NbSes had another problem. In the CDW state of 
NbSe3, there still remain uncondensed electrons, which make it difficult to determine the 
origin of oscillation. Hence the choice of materials is crucial. We investigated orthorhom- 
bic TaSa, which have a Peierls transition at 218 K, and no uncondensed electrons at low 
temperatures. 



II. EXPERIMENTAL 

The samples are synthesized by the chemical vapor transportation method [12']. The 
materials (tantalum and sulfur) in an evacuated quartz tube react to produce TaSa crystals 
(whisker, ring and other kinds of topological crystals). We prepared a ring/tube crystal 
reproducibly (Figure la), and then cut the one with focused ion beam (Figure Ic). The 
dimensions of the sample are 27 fim in diameter and 1 x 0.1 /xm^ in cross-section area. We 



2l| . after coating 



fabricated gold electrode on the sample, by electron-beam lithography 
with polymethylmethacrylate (Figure lb). 

We measured the electric current at 5.1 K while applying a magnetic field to the vertical 
the ring crystal (Figure lb). The magnetic field is swept at a sweep rate of 50 mCauss/sec 
slow enough to eliminate generation of eddy current. 

The magnetoresistance of a TaSa ring crystal is shown at the voltage, 100, 200 and 300 
mV, in Figure 2(a). We observed periodic oscillations in these voltages, increasing the 
amplitude together with the increasing voltage. 

We obtained a peak h/2e estimated by the power spectra of the observed oscillation. 
The insets of Figure 2(a) show the evolution of the power spectra, 100, 200 and 300 mV, 
from bottom to top. The period of the oscillation AB is 39.7 mCauss for all voltages. By 
assuming the origin of the oscillation to the AB effect [l|, y, Q , we estimated the effective 
charge e* using the following formula. 



As4 = 4-A m 

b e* Trr'^ 
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where h is Planck's constant and r is the radius of the ring crystal. The estimated value 
of an effective charge e* is 3.0 x 10~^^ C within a 10 percent accuracy and is approximately 
equal to two times the elementary charge (2e = 3.2 x 10"-^^ C). The red lines in Figure 2(a) 
show the sinusoidal oscillation with the period and amplitude corresponding to the peak 
of the power spectra. The major contribution of the observed oscillations is well expressed 
by the obtained spectra. Other peak, such as h/e or /i/4e, was not observed within our 
experiment. 

We performed several experiments to confirm reproducibility of our reservation. Changing 
the sample temperature to 79 K did not show discrepancy in the oscillation period with data 
at 5.1 K (Figure 2(b)). The insets of Figure 2(b) show the evolution of the power spectra, 
25, 50 and 75 mV, from bottom to top. The estimated value of an effective charge e* is 3.1 
X 10~^^ C. Ordinarily, quantum phenomena hide in thermal fluctuation at high temperature 
by nature, but CDW state shows quantum interference at 79 K, such as superconductor. 
Moreover, another sample with diameter of 17 /xm reproduced the same behavior with the 
period of 95.2 mGauss, which is corresponding to 3.1 x 10~^^ C. This periodic oscillation is 
also nearly equal to 2e. 

III. RESULTS AND DISCUSSION 

Figure 3 shows the voltage-current characteristics of the sample, after removing an Ohmic 
(linear) component of the conduction. The CDW current is shown to develop at larger 
voltage than the threshold Vt> The amplitude of the sinusoidal oscillation at B=0 was 
also plotted in Figure 3 (black line is guide for eyes in bottom panel). In the case of the 
ordinary fluctuation concerned with free electron, the line becomes linear as a function 
of the increasing voltage. Figure 3, however, shows that top and bottom curves behave 
similarly, in particular, a significant increase above Vr- For this reason, the amplitude of 
the interference is related with sliding CDW. It is plausible to attribute the development of 
the h/2e oscillation to the CDWs. 

In addition, the size of the sample is longer than coherent length of a quasi-particle. When 
a CDW was broken into quasi-particles, they can only stay within the coherence length of 
CDW. This is understood by analogy with a superconductor. Hence the quasi-particle 
will not travel over several nanometers, and the coherence of a quasi-particle is unlikely to 
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be preserved over the whole system with the circumference of 85 /xm at 79 K. The phase 
correlation length of sliding CDW is longer than quasi-particle and the circumference of our 
sample because sliding CDW becomes more ordered in the direction of motion 1221. In case 

n 

of our sample, the possibility of A'tsuler-Aronov-Spivak effect |18|], namely h/2e oscillation 
of a quasi-particle, is ruled out. 

Our study shows that the periodicity of CDW is half a flux quantum h/2e. Bogachek et 
al [l^ suggested that charge quanta of CDWs are multiple of chain number. For example, 
interference of a single CDW chain results in the period /i/2e, while a bundle of CDWs with 
chains provides an oscillation of h/2Ne period. If transverse correlation between CDWs 
formed CDW bundles, the period of /i/4e or /i/8e must be observed. In fact, the power 
spectra only give the fundamental h/2e oscillation. 

Thus we propose a model to describe the h/2e oscillation. Figure 4 shows a schematic 
picture of a CDW soliton conflned into a single chain. A CDW chain (the green wave 
in Fig. 4) has an extra wavefront, namely a soliton, carrying a charge of 2e [23|]. The 

. Existence of 



yellow circle corresponds to a dislocation loop encircling the soliton |24l . 
the dislocation loop makes the soliton to move freely along the chain accompanying the 2e 
charge. This agrees with our observation. Finally, we estimated a mass of CDW condensate, 
which influences coherence and decoherence in quantum mechanics. The CDWs have large 
eflFective mass being 1000 times the electron mass per CDW wavelength as they coupled 
with phonons and lattice [l^. In the case of TaSa ring which has the circumference of 85 
/im, the eflFective mass of the single CDW loop is estimated about 10^ times electron mass 



26l |. On the other hand, if a CDW soliton is localized in space, the mass is comparable to 



the effective mass [27]. In this context, determination of the model for our observation will 
directly relate with an applicability of quantum mechanics on macroscopic scales, and solve 
an important open question in quantum mechanics. 

In conclusion, we observed the AB effect at liquid-nitrogen temperature 79 K using a 
CDW loop of TaS3 ring crystal. The observed period was /i/2e, which cannot be explained 
by interference of a quasi-particle. A soliton conflned in a CDW chain, possibly origi- 
nated the h/2e oscillation. This work suggests that macroscopic quantum tunneling [28| 
and Frohlich superconductors {3] can occur in sliding CDWs. In principle, the quantum 
interference of CDWs provides a same sensitivity to an applied magnetic fleld to that of 
superconducting quantum interference device. And note that the transition temperatures 
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of CDWs are relatively higher than those of superconductor. Some materials show CDW 
behavior even at room temperature. Hence our observation will provide a Frohlich super- 
conducting quantum interference device running at room temperature, which has not been 
achieved by superconductor. 
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FIG. 1: (a) Scanning electron microscope image of a TaSs tube-shaped crystal. The diameter 
was about 27 /im and the thickness was about 0.1 /im. It is a seamless single crystal and the 
CDW chain direction coincides with the circumference direction, (b) Contact configuration for 
transport measurement. Two gold electrodes (100 nm thick, 5 /xm wide) were evaporated. Electrical 
conduction measured at several constant voltages that changed when a magnetic field was applied 
to the vertical axis of a ring crystal, (c) Scanning electron microscope image of a TaSa tube/ring 
crystal. The tube crystal was cut by FIB. The lateral face of crystal was irradiated with ion beam, 
and then the crystal was pushed with a capillary tube. (Left) Before cutting, (right) after cutting. 
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FIG. 2: (a) Change in current value as magnetic field is applied at 5.1 K. The period is observed 
at 100, 200 and 300 mV, (b) and 25, 50, and 75 mV at 79K. Insets show the power spectrum of 
the observed oscillation. As increasing the voltage over threshold voltage, the peak of the power 
spectrum gradually rise. The bars show that the periodic signal of h/e and h/2e is estimated by 
the area of the ring crystal, h and e is Plank's constant and elementary charge, respectively. The 
periods of the peak are nearly congruent with the one of h/2e. The red lines in Fig. 2 (a) and 
(b) show the sinusoidal oscillation with the period and amplitude corresponding to the peak of the 
power spectra. 
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VfmV) 

FIG. 3: (top) The voltage-current curve showing threshold voltage Yt at 5.1 K. (bottom) The AB 
amplitude as a function of voltage. The black line shows guide for eyes. The AB amplitude means 
the amplitude estimated from the power spectrum. The curve of the amplitudes configurate with 
the voltage-current curve. For this reason, these phenomena derive from CDW origin. The parts 
of sliding CDW react as a function of magnetic field because Ipp is equal to 8 % of IcDW. 
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FIG. 4: A schematic picture of a CDW soliton encircled with a dislocation loop in the crystal. Each 
blue wave denotes the charge density of each chain, modulated with wavelength of A = 2Ti/2kF- 
In the central chain, an extra wavefront (red bump), namely CDW soliton, is encircled with a 
dislocation loop (yellow circle). The dotted hues show phase contours of CDW order parameter. 
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